has been carried out mostly by linking the fluoroduome molecule to the C-5 position of dUTP via an allylamine spacer, similar to the modifcation of dylamine4UTP with the hap tens biotin and digoxigenin. Recently, a new series of fluorescent nucleotides has been prepared by using an alkynyl bridge between the uracil moiety and the fluorochtome. H e r e we report the qualitative and quantitative analysis offluorescence in situ hybridization results obtained on interphase cells and chromosomes with a variety of highly repetitive and single-copy DNA probes that were modified by nick translation with such alkynyl dUTPs. A qualitative comparison was made of the alkynyl dUTPs conjugated to the fluorochromes fluorescein, the cyanine dye Cy3, tetramethylrhodamine, Lissamine and Texas Red. With the exception of tetramethylrhodamhe, all fluorochromes performed satis-
Introduction
The past decade has witnessed an increasing application of fluorescence in situ hybridization (FISH) techniques. In particular, the high spatial resolution and the ability to simultaneously demonstrate various targets using multicolored probe sets has significantly contributed to this development (1, 2) . At present, FISH plays an important role in gene mapping (3,4), clinical and tumor cytogenetics (5, 6) , studies of chromatin organization, and gene expression studies. Such work is mostly carried out using so-called indirect methods of in situ hybridization. Indirect methods employ hapten-modified DNA, the hapten being introduced into the probe by enzymatic modification using hapten-modified deoxyribonucleotide triphosphates. Prominent examples of haptens in factorily. The cyanine dye Cy3 provided the highest sensitivity, i.e., cosmid and YAC probes could easily be visualized by conventional fluorescence microscopy. In a quantitative assay, *rent nick translation conditions were tested using a human chromosome 1 this respect are biotin (I), digoxigenin (8) and, to a lesser extent, dinitrophenol (9) . Although the use of hapten-modified probes has been instrumental in widespread application of in situ hybridization, their indirect immunocytochemical detection has distinct drawbacks. It is time-consuming, it potentially induces background, particularly if amplification strategies are being used, and in multicolored applications the risk for crossreactivity in the immunological detection systems exists. Obviously, direct in situ hybridization methods are not associated with these problems. Recently, we have investigated such direct in situ hybridization methods in which the probes were enzymatically modified by nick translation with allylamine-dUTP conjugated with fluorochromes that possess different spectral properties (10). The sensitivity of such direct procedures proved to be less than that of indirect methods but was sufficient for visualization of cosmids on chromosomes by fluorescence microscopy (1 l).
Here we evaluated a new series of dUTPs to which various fluorochromes have been conjugated via an alkynyl linker. A number of highly repetitive centromere-specific probes, a cosmid probe, and a YAC probe were labeled by standard nick translation with all the tested fluorescent nucleotides. After FISH with these probes, a qualitative comparison was made using conventional fluorescence microscopy. Cy3-dUTP, in particular, proved sensitive enough to visualize the cosmid and the YAC probe. In addition, we analyzed in a quantitative fashion the optimal nick translation conditions for fluorescein-dUTP and Cy3-dUTP. The FISH signal intensities were measured by digital imaging microscopy. Fluorescein was chosen because it is the most widely applied green fluorochrome and Cy3 was chosen because it is gradually replacing the rhodaminelike fluorochromes owing to its high quantum yield and its favorable fading properties.
Materials and Methods
DNAs and DNA Labeling. Human satellite DNA probes pUC1.77 (for chromosome l), Dl5Zl (for chromosome 15), and P17H8 (for chromosome 17) were used to illustrate the potential of detecting repetitive targets. Furthermore, a cosmid probe for the ADA gene on chromosome 2Oq11 and a YAC probe for chromosome 5q31 were used to see whether unique target sequences could be directly visualized under the fluorescence microscope. For the quantitative measurements, DNA probe pUC1.77 (for chromosome 1) was chosen.
All probes were fluorochrome-labeled by nick translation with the following modified dUTPs; fluorescein-12-dUTP. Cy3-dUTP Lissamine-5-dUTp. teuamethylrhodamine-6-dUTP, and Taps Red-5-dUTp (aU nudeotides were a generous gift of DuPont de Nemours, Dordrecht. The Netherlands).
Briefly, 1 pg of DNA was incubated for 2 hr at 15°C in a final volume of 50 wl containing 50 mM Tris-HCI, pH 7. After the nick translation, the probes were ethanol-precipitated and dissolved in the hybridization mixture.
Cells and Chromosomes. Human metaphase chromosomes were obtained according to routine procedures after stimulation and culture of peripheral white blood cells using standardized chromosome culture medium (Boehringer Mannheim). For short-term storage, the metaphase chromosome slides were kept at room temperature. For longer periods of time (up to several months) the slides were stored at 4 T in 70% ethanol.
Before the in situ hybridization, metaphase chromosome slides were pretreated with RNAse A and pepsin according to Wiegant et al. (4) . Finally, the slides were dehydrated through an ethanol series and air-dried.
For quantitative FISH analyses, unstimulated human peripheral blood lymphocytes from a healthy donor were used, which were collected using Ficoll isopaque centrifugation (Becton Dickinson; Mountain View, CA) for 30 min at 3000 rpm. After washing in PBS, the cells were fixed in 100% methanol. Then they were centrifuged onto microscope slides (in 50% acetic acid) according to Van Driel-Kulker et al. (12) . Before in situ hybridization, slides were treated with RNAse A (100 pg/ml 2 x SSC) for 1 hr at 37'C. This was followed by a 2-min formaldehyde fixation (4% in PBS/50 mM MgC12). after which the slides were treated for 10 min at 37'C with 0.1% pepsin (Boehringer Mannheim). pH 2. Then the slides were fixed again with 4% formaldehyde for 2 min, washed with PBS, and dehydrated through an ethanol series.
In Situ Hybridization. Fluorochrome-labeled a-satellite probes were hybridized overnight at 37'C at aconcentration o f 2 ng/pI in 60% deionized formamide, 2 x SSC, 50 mM sodium phosphate, pH 7. Fluorochrome-labeled cosmid probe was hybridized overnight at 37°C according to the principle of competition hybridization using 2 ng probe and 100 ng Cot-1 DNA (Gibco BRL, Gaithersburg, MD) as competitor DNA/pl50% deionized formamide. 2 x SSC, 50 mM sodium phosphate, 10% dextran sulfate, pH 7. The YAC probe (total yeast DNA) was hybridized similarly to the cosmid probes, except that the probe concentration was increased to 40 ng/pl and the amount of competitor DNA was adjusted proportionally.
After the posthybridization washing steps, the slides were dehydrated through an ethanol series and air-dried.
Slides were embedded in anti-fading solution (Vectashield; Vector. Burlingame, CA) containing either 100 ng/ml of the red DNA counterstain propidium iodide (Sigma; St Louis, MO) or 40 ng/ml of the blue DNA counterstain 4,6-diamidino-2-phenylindole.2HCl (DAPI; Serva, Heidelberg, Germany) or 0.1 pM of the green DNA counterstain YOYO-1 (a benzoxazolium-4-quinolinium dimer; Molecular Probes, Eugene, OR). Slides were examined on a DM epifluorescence microscope (Leica; Wetzlar, Germany). Photomicrographs were made on Scotch (3M) 640 ASA color slide film.
Digital Imaging Microscopy. Quantitative fluorescence measurements were made with a fluorescence microscope (Aristoplan; Leica) equipped with a cooled CCD camera (Photometrics, Tuscon, A 2 type CE-200) connected to a SUN 4-33OGX workstation. Image analysis was performed using the SCILImage (TPD; TU-Delft, Delft, The Netherlands) software package.
The CCD camera used has a KAF-1400 CCD chip (1320 x 1035 pixels) with a special coating to enhance the sensitivity for uv and blue light.
For determination of the integrated fluorescence of the FISH spots, a user-interactive program was developed using SCILImage. The images of the DAPI-counterstained cells were used as a mask in which the integrated fluorescence of F I T or CY3 FISH-stained targets was determined.
Interaction by the user consisted of selecting the cell by mouse operation. The integrated fluorescence of the spots was determined and corrected for background measured in a ring around the spots at a distance of about twice the spot diameter. The integrated fluorescence intensity was divided by the exposure time to obtain the photon flux per spot. Before the measurements, all images were corrected for dark current and for uneven illumination using uranyl glass. Fluorescent polystyrene FIX-labeled beads were used as an internal control. When necessary, the fluorescence intensities of the FISH spots were corrected for day-to-day fluctuations of the mercury arc lamp of the fluorescence microscope.
Per slide of 50 randomly selected interphase nuclei, 100 FISH spots were measured within 8 hr after the FISH procedure was finished. The mean value of the highest fluorescence intensity was arbitrarily set at 1000. All other values were calculated from that value.
Results
All the tested fluorescent nucleotides proved to be sensitive enough for direct FISH detection of repetitive targets such as satellite sequences present in centromeres of human chromosomes or in the polymorphic heterochromatic regions (see Figures 1, 4, 5, and 6 ). In addition, a cosmid probe labeled with fluorescein-12-dUTP was detectable (Figure 2 ).
Of the fluorochromes emitting in the red part of the electromagnetic spectrum, rhodamine proved to be the least sensitive, i.e., centromeric probes could be visualized but the cosmid probe was hardly visible. Lissamine and Texas Red were of similar sensitivity. With these fluorochromes, both centromere probes and the cosmid probe were easily detectable ( Figure 3 ). The cyanine dye Cy3 proved to give the highest sensitivity. Both YAC and cosmid probes were readily detectable (Figures 7, and 8, respectively) . Figure 9 summarizes the quantitative fluorescence measurements of the FISH signals with a human chromosome 1 repeat probe labeled with fluorescein-12-dUTP ( Figure 9A) or Cy3-dUTP (Figure 9B) in relation to the various ratios between dTTP and fluorochromized dUTP.
It can be seen that optimal FISH signals are obtained when the probe is labeled by nick translation using a ratio between fluorescent nucleotide and d" of 1:5 (40 pM fluorochrome-labeled nucleotide and 8 pM dTV, respectively). When fluorochromelabeled dUTP (40 pM) was used without any dTTP, the FISH signals were lower. When the ratio between dTTP and fluorochrome-fluorochrome alkynyl-dUTk tested. With the exception of the tetramethylrhodamine-labeled ones, cosmid-sized targets could also be readily visualized directly under the fluorescence microscope. The cyanine dye Cy3 provided highest sensitivity. Both the cosmid probe and the YAC probe were easily detectable, making this fluorochrome extremely useful for rapid detection of such singlecopy DNA probes by direct FISH.
In the qualitative part of this study, we used a nick-translation protocol optimized for hapten-labeled nucleotides. The quantitative study shows that for these fluorescently labeled nucleotides the same protocol also works best (8 pM d " P and 40 pM fluoresceinor Cy3-dUTP in the nick-translation mixture). From an economical point of view, we note that the use of four times less fluorescent nucleotide leads to a loss of signal intensity of only 20-30%.
We conclude that the new series of fluorochromized dUTPs provides sufficient sensitivity for a wide range of research and clinical FISH applications.
